We consider the exclusive flavor changing neutral current processes B → M νν (M = π, K, ρ, K * ) in the leptophobic Z ′ model, in which the charged leptons do not couple to the extra Z ′ boson. We find that these exclusive modes are very effective to constrain the leptophobic Z ′ model. In the leptophobic Z ′ model, additional right-handed neutrinos are introduced and they can contribute to the missing energy signal in B → M + E / decays. Through the explicit calculations, we obtain quite stringent bounds on the model parameters, |U Z ′ sb | ≤ 0.29 and |U Z ′ db | ≤ 0.61, from the already existing experimental data. We also briefly discuss an interesting subject of massive right-handed neutrinos, which might be connected with the dark matter problem.
penguin dominant processes in non-leptonic and semi-leptonic B decays. As an example, recent experimental data for QCD penguin dominant B → Kπ decays appear to be very interesting: Branching ratios and direct and mixing-induced CP asymmetries could not be consistently explained within the current SM frameworks, for example, QCD factorization (QCDF) [1] , perturbative QCD (PQCD) [2] , and soft-collinear effective theory (SCET) models [3] . Although it has been claimed in Ref. [4] that all the current data except for the mixing-induced CP asymmetry could be accommodated within the PQCD scheme by considering the next-leading-order corrections, there is still room for new physics or new mechanism beyond the SM, especially, in the EW penguin sector [5, 6, 7] to explain all the experimental data simultaneously.
The EW penguin contributions have been thoroughly studied in the SM and beyond, too: While the EW penguin effect with the photon emission in b → sγ processes has been precisely determined, and already put stringent bounds on the relevant new physics scenarios, experimental measurements for the Z-mediated EW penguin effect are now under way at B factories through B → Xℓℓ and B → Xνν decay processes. Although it is experimentally very difficult to measure, B → Xνν decay is an extremely good channel for the study of Z-mediated EW penguin contribution within the SM and beyond [8, 9, 10, 11, 12] .
In many new physics scenarios, an extra U(1) gauge boson is usually introduced after the high energy symmetry breaking or as a low energy effective theory [13, 14, 15] . In general, the extra gauge boson, commonly named as Z ′ boson, has a possibility to induce the FCNCs. In the present work, we focus on the E 6 -based leptophobic Z ′ model [16] among various possibilities with the extra U(1) gauge boson extension such as the string-inspired grand unified theories (GUTs) [13, 17] , dynamical symmetry breaking models [18] , string inspired models [19] , extra dimension models [20] , and little higgs models [21] . It is well known that the extra neutral gauge boson can be leptophobic by introducing the kinetic mixing term in the E 6 -based model. Originally, the leptophobic Z ′ model was introduced to explain the R b -R c puzzle at LEP [22] and anomalous high-E T jet cross section at CDF [23] .
Although its original motivation has been disappeared, the leptophobic Z ′ model certainly remains as a viable scenario beyond the SM. group. We assume that the E 6 group is broken through the following breaking chain
where U(1) ′ is a linear combination of two additional U(1) gauge groups with
where θ is the familiar E 6 mixing angle.
The most general Lagrangian, which is invariant under the SM gauge group with an extra U(1) ′ , allows the kinetic mixing term
and U(1) ′ gauge boson fields. This off-diagonal term can be removed by the non-unitarity
which leads to the possibility of leptophobia of the physical Z ′ gauge boson with the E 6 mixing. Once all the couplings are GUT normalized, the interaction Lagrangian of fermion fields and Z ′ gauge boson can be written as
where the ratio of gauge couplings λ = g Q ′ /g Y , and δ = − tan χ/λ [25] . The general fermion-Z ′ couplings depend on two free parameters, tan θ and δ, effectively [26] . The Z ′ boson can be leptophobic when (Q ′ + Particle
where all the theoretical uncertainties including the mixing parameters are absorbed into the coupling U Z ′ qb . Then, the experimental constraints on U Z ′ qb may be obtained by considering related non-leptonic B decays such as B → Kπ decays for which one may also find a clue to a solution of the recently-popular B → Kπ puzzle. But, it is not easy to obtain reliable bounds on U Z ′ qb because the non-leptonic B decays severely depend on unknown strong phases [27] and, furthermore, the EW penguin amplitude is sub-dominant in most non-leptonic decays.
It is obvious that if new physics effects are mainly through the EW penguin contributions, the EW penguin dominant process can give the most powerful constraints, and it is natural to consider the processes such as 
III. THEORETICAL DETAILS FOR
In the SM, the effective Hamiltonian describing b → qνν (q = d, s) decays is given by
where G F is the Fermi constant, α is the fine structure constant and V ij are elements of the CKM matrix. The Wilson coefficient C ν 10 is dominated by the short-distance dynamics associated with top quark exchange [9] , and has the theoretical uncertainty due to the error of top quark mass, whose explicit form can be found in literatures [10, 28] . Therefore, aside from the CKM matrix elements, for the b → qνν decays, there remains only well-controllable theoretical uncertainty from C Because the leptophobia means that the U(1) ′ charge is zero for all the ordinary lefthanded and right-handed lepton fields within the SM, the extra leptophobic Z ′ gives no additional contribution to B → M + E / decays if the missing energy is solely due to the SM neutrinos. However, ν c or S c in the 27 representation of E 6 , as shown in Table I , may be interpreted as the right-handed neutrino and so there can arise additional contributions to the missing energy signal in B → M + E / decays.
Here we take ν c as a candidate for the right-handed neutrino and assume that other heavy exotic fermions and bosons be integrated out. Then, the effective Hamiltonian responsible for b → qν RνR decay is written as
where
and κ depends on the details of unification. Here we take κ = 1 for simplicity. Then, the total branching ratios (BRs) for B → M + E / signals are given by
First we take all the neutrinos massless, then the differential decay rates for B → Mνν (M = P, V ) in the leptophobic Z ′ model are given by
and P (V ) in the superscript and subscript stands for a pseudoscalar (vector) meson, respectively.
Main theoretical uncertainties arise from the hadronic transition form factors for the B meson decay into the P (V ) meson. However, one can also reduce these uncertainties by taking ratios of the BRs, related by SU(3) flavor symmetry or isospin symmetry, such as B → π(ρ)νν and B → π(ρ)ℓν [10] . Especially, the corrections to the strict isospin symmetry due to mass difference between ρ ± and ρ 0 and form factors are expected to be very small.
IV. NUMERICAL ANALYSIS AND DISCUSSIONS
In Table II , we show the theoretical estimates of BRs within the SM and their current experimental bounds at B factories [29, 30] . The errors of the SM estimates in Tab. II are mainly due to the hadronic transition form factors and the CKM matrix elements: For the form factors, we use recent results from the LCSR model with theoretical uncertainties of about 10 to 13 % at zero momentum transfer [31, 32] : The details of the form factors are given in Appendix. For the CKM matrix elements, we adopted PDG results [33] ,
Please note that b → d transition modes receive much larger theoretical uncertainties from |V td |, as can be seen in Table II 
Recently the Belle and BaBar Collaborations presented the upper limits on BRs of B →
Kνν and B → πνν decays [29, 30] . For the K meson production process with the missing energy the current experimental bound is about 7 times larger than the SM expectation, whereas for the π meson production the upper bound is much higher by an order of 10 3 than the theoretical estimate. Therefore, there is plenty of room for new physics effects in these decays at present. The BRs of all the modes are expected to be (more precisely) measured at B factories soon. 
for B → Kνν and B → πνν decays, respectively. Compared with the inclusive b → sνν decay case [16] , we find presently the exclusive mode gives more stringent bounds on the leptophobic FCNC couplings.
As already mentioned, although the exclusive B → Mνν decay modes are much easier at the experimental detection than the inclusive ones, they have inevitable theoretical uncertainties from hadronic form factors. For example, our expectation value for B → Kνν in the SM with recent form factors from LCSR model is about 5.24 × 10 −6 , however, it can be changed to ∼ 3.8 × 10 −6 by using different form factors [9] . In order to reduce the form factor uncertainties, we take ratios for B(B → Mνν) to B(B → Meν) for M = π, ρ mesons.
In the limit of isospin symmetry, and requiring
where the form factor dependencies are all cancelled out. For K ( * ) meson productions, however, since there does not exist such a corresponding semi-leptonic decay mode, one cannot adopt the same analysis given above. Instead, considering M ρ ≈ M K * and the flavor SU(3) symmetry, we obtain the following relation:
On the contrary to B ± → K * νν and B ± → ρ 0 e ± ν, we cannot use the SU(3) flavor symmetry between B ± → K ± νν and B ± → π 0 e ± ν transitions because of the possibly large SU(3)
breaking due to large mass difference between π and K mesons.
Up to now we have assumed all the neutrinos are massless. Aside from the SM neutrinos of which masses are indeed very small, the extra right-handed neutrinos in the leptophobic Z ′ model can have sizable masses. Effects of the massive neutrinos will be an interesting subject by themselves. Here we briefly introduce the mass effects. In Fig. 3 Especially the sharp rise near the threshold point allows to increase the accuracy of the mass measurement of the lightest right-handed neutrino. Unfortunately, if its mass is lower than a few MeV, it is very hard to find the difference from the massless neutrino case.
In general, the additional right-handed neutrinos can have Dirac mass terms coupled with the ordinary SM neutrinos as well as Majorana masses [34] . Since there is no limit for both Dirac and Majorana masses in principle, they are free parameters. One interesting scenario is a so-called "νMSM" model [35] , which allows three right-handed (light) neutrinos in addition to the SM ones. Assuming that Majorana masses of right-handed neutrinos are the order of the electroweak scale or below and Yukawa couplings are very small, this model can be accommodated with the present neutrino data. Especially, if masses of the right-handed neutrinos are in range of 2 < ∼ M ν R < ∼ 5 keV, they can be good candidates for the warm dark matters, and they can explain the neutrino oscillation via the the see-saw mechanism and baryon asymmetry of the universe as well [35] .
To conclude, the FCNC processes with the missing energy signal in B decays have been 
APPENDIX : HADRONIC FORM FACTORS
The hadronic matrix elements for B → P νν (P = π, K) decays can be parameterized in terms of the form factors f P + (q 2 ) and f P − (q 2 ):
where p = p 1 + p 2 and q = p 1 − p 2 . For B → V νν (V = ρ, K * )decays, the hadronic matrix element can be written in terms of four form factors as 
For the numerical analysis, we follow the theoretical estimates from LCSR model [31, 32] .
The transition form factors are parameterized by three independent fit parameters and one resonance mass. Form factors used in the numerical calculation are given by
where values of parameters are shown in Table III 
